Pathogenic Leptospira species are the etiological agents of leptospirosis, a widespread disease of human and veterinary concern. In this study, we report that Leptospira species are capable of binding plasminogen (PLG) in vitro. The binding to the leptospiral surface was demonstrated by indirect immunofluorescence confocal microscopy with living bacteria. The PLG binding to the bacteria seems to occur via lysine residues because the ligation is inhibited by addition of the lysine analog 6-aminocaproic acid. Exogenously provided urokinase-type PLG activator (uPA) converts surface-bound PLG into enzymatically active plasmin, as evaluated by the reaction with the chromogenic plasmin substrate D-Val-Leu-Lys 4-nitroanilide dihydrochloridein. The PLG activation system on the surface of Leptospira is PLG dose dependent and does not cause injury to the organism, as cellular growth in culture was not impaired. The generation of active plasmin within Leptospira was observed with several nonvirulent high-passage strains and with the nonpathogenic saprophytic organism Leptospira biflexa. Statistically significant higher activation of plasmin was detected with a low-passage infectious strain of Leptospira. Plasmin-coated virulent Leptospira interrogans bacteria were capable of degrading purified extracellular matrix fibronectin. The breakdown of fibronectin was not observed with untreated bacteria. Our data provide for the first time in vitro evidence for the generation of active plasmin on the surface of Leptospira, a step that may contribute to leptospiral invasiveness.
Pathogenic Leptospira species are the etiological agents of leptospirosis, a widespread disease of human and veterinary concern. In this study, we report that Leptospira species are capable of binding plasminogen (PLG) in vitro. The binding to the leptospiral surface was demonstrated by indirect immunofluorescence confocal microscopy with living bacteria. The PLG binding to the bacteria seems to occur via lysine residues because the ligation is inhibited by addition of the lysine analog 6-aminocaproic acid. Exogenously provided urokinase-type PLG activator (uPA) converts surface-bound PLG into enzymatically active plasmin, as evaluated by the reaction with the chromogenic plasmin substrate D-Val-Leu-Lys 4-nitroanilide dihydrochloridein. The PLG activation system on the surface of Leptospira is PLG dose dependent and does not cause injury to the organism, as cellular growth in culture was not impaired. The generation of active plasmin within Leptospira was observed with several nonvirulent high-passage strains and with the nonpathogenic saprophytic organism Leptospira biflexa. Statistically significant higher activation of plasmin was detected with a low-passage infectious strain of Leptospira. Plasmin-coated virulent Leptospira interrogans bacteria were capable of degrading purified extracellular matrix fibronectin. The breakdown of fibronectin was not observed with untreated bacteria. Our data provide for the first time in vitro evidence for the generation of active plasmin on the surface of Leptospira, a step that may contribute to leptospiral invasiveness.
The spirochete Leptospira interrogans is a highly invasive pathogen and the causal agent of leptospirosis, one of the most widespread zoonoses of human and veterinary concern (7, 20, 25, 39, 76) . The disease occurs mainly in peripheral metropolitan regions lacking adequate sanitary conditions during activities that involve direct contact with contaminated water, soil, or animals (25, 36, 76) . Humans are accidental and terminal hosts in the transmission process of leptospirosis (20, 65) . The leptospires enter the body via abrasions on skin or actively through mucosa, spreading to any tissue, but particularly colonizing kidneys and liver (39) .
Despite its importance and the genomic sequencing of five strains of Leptospira, four pathogenic (9, 57, 66) and one saprophytic (64) , molecular aspects of the pathogenesis, virulence, and invasion processes by which the leptospires infect the hosts and initiate tissue colonization are poorly characterized. To date, few virulence factors contributing to the pathogenesis of the disease have been identified (3, 48, 67) .
It is known that one characteristic of leptospiral infection is the rapid dissemination within the host and colonization of renal tubules that constitute immunologically safe environments (20) . The ability of the leptospires to adhere to extracellular matrix (ECM) macromolecules has been shown (4) , and to date a few adhesins, ECM-binding proteins, have been identified (4, 11, 29, 30, 72) . After adherence, the next step must be to overcome the barriers imposed by epithelial tissues and ECMs. For this, the proteolytic activity achieved by subversion of host proteases by pathogens, such as plasmin, has been demonstrated to be important during several bacterial infections (37) .
Plasmin is a broad-spectrum serine protease component of the fibrinolytic system, which has plasminogen (PLG) as the main component. It has been shown that several pathogens, including the spirochete Borrelia burgdorferi, bind PLG on the surface and convert it to plasmin by host activators (6, 13, 16, 19, 22, 31, 34, 37, 38, 60, 68, 73) ; this binding promotes degradation of ECM components and is essential for dissemination of the bacteria through the host tissues, suggesting its role during infection and pathogenesis (12, 14, 15, 28, 37, 58) .
Based on these assertions, we were prompted to investigate the ability of pathogenic L. interrogans to bind PLG. We show in this work by in vitro assays that leptospires are capable of capturing PLG in its outer surface, that the conversion to enzymatically active plasmin could be achieved by an exogenous source, and that the active plasmin generated on the surface of Leptospira can degrade the fibronectin ECM component. Outer membrane proteins (OMPs) are involved with PLG acquisition, but aqueous soluble proteins also contribute to the binding. Neither temperature shift to the mammalian body, under normal and febrile conditions, nor physiologic osmolarity affected plasmin generation by leptospires. We also demonstrate a significant difference in the plasminogen acti-vation system (PAS) between infectious and noninfectious leptospires, suggesting that this feature might have a role in leptospiral virulence.
MATERIALS AND METHODS
Bacterial isolates and culture conditions. Virulent L. interrogans serovar Copenhageni strain Fiocruz L1-130 is routinely cultured at Faculdade de Medicina Veterinária da Universidade de São Paulo by iterative passages in Golden Syrian hamsters for maintenance of virulence. Recently weaned hamsters were intraperitoneally infected with 500 l containing ϳ1.0 ϫ 10 4 virulent leptospires (50% lethal dose [LD 50 ] of ϳ10 3 leptospires/animal). The animals were sacrificed after appearance of symptoms such as loss of weight and mobility (ϳ5 days postinfection). Kidney and liver were removed and macerated. The organ-derived leptospires were cultured at 28°C in semisolid modified Elinghausen-McCullough-Johnson-Harris (EMJH) medium supplemented with 10% rabbit sera. On the other hand, nonvirulent attenuated leptospires are equally routinely cultured by maintenance in culture in liquid modified EMJH medium supplemented with 10% rabbit sera. Animals infected with these high-passage attenuated-leptospire-derived strains do not show any sign of the disease. The nonvirulent Leptospira strains used were: L. interrogans serovar Canicola strain Hound Utrech IV, L. interrogans serovar Copenhageni strain M 20, L. interrogans serovar Icterohaemorrhagiae strain RGA, L. interrogans serovar Pomona strain Pomona, Leptospira borgpetersenii serovar Castelonis strain Castellon 3, L. borgpetersenii serovar Whitcombi strain Whitcomb, Leptospira kirshneri serovar Cynoptery strain 3522 C, L. kirshneri serovar Grippotyphosa strain Moskva V, Leptospira santarosai serovar Shermani strain 1342 K, and Leptospira biflexa serovar Patoc strain Patoc.
For the experiments with PLG binding, to exclude PLG interference from the rabbit serum supplementing the culture medium, serum-free leptospires were obtained by three passages in liquid modified EMJH medium supplemented with 10% Leptospira enrichment EMJH medium (BD, Difco), cultured at 28°C. For the temperature shift experiments, the bacteria were incubated for 24 h at 37 or 39°C. For the osmolarity shift analysis, 120 mM NaCl was added to the EMJH medium supplemented with 10% Leptospira enrichment EMJH medium, followed by incubation at 28°C for 24 h.
Labeling of leptospires with plasmin. A total of 7.0 ϫ 10 9 leptospires were centrifuged at 6,000 ϫ g for 10 min at 25°C, resuspended in 1.4 ml of EMJH culture medium supplemented with 10% Leptospira enrichment EMJH medium, divided into seven aliquots of 0.2 ml each (1.0 ϫ 10 9 leptospires) in 2-ml microcentrifuge tubes, and recentrifuged. The seven tubes containing the leptospires received different treatments: (i) 30% plasma and 3 U urokinase-type uroplasminogen activator (uPA) (urokinase; Sigma) in 100 l low-salt phosphate-buffered saline (lsPBS; with 50 mM NaCl), (ii) 5 g PLG (native PLG purified from human plasma was from Merck), and 3 U uPA in 100 l lsPBS, (iii) 2 g PLG and 3 U uPA in 100 l lsPBS, (iv) 0.5 g PLG and 3 U uPA in 100 l lsPBS, (v) 5 g PLG in 100 l lsPBS, (vi) 3 U uPA in 100 l lsPBS, and (vii) 100 l lsPBS. All of the preparations were incubated for 1 h at 37°C, under gentle shaking, prior to the addition of the uPA, and followed by 1 h of incubation at 37°C. Leptospires were then centrifuged and washed three times with 0.7 ml lsPBS.
Measurement of enzymatic activity of plasmin-coated leptospires. The treated leptospires (1.0 ϫ 10 9 per sample) were resuspended in 300 l lsPBS and divided into three aliquots. Each aliquot received 100 l of 0.5 mg/ml of the chromogenic substrate D-Val-Leu-Lys 4-nitroanilide dihydrochloridein (Sigma) in lsPBS, to a final substrate concentration of 0.25 mg/ml. The suspensions were incubated for 1.5 h at 37°C under gentle shaking and then centrifuged at 6,000 ϫ g for 10 min at 25°C. The supernatants (150 l) were transferred to 96-well microplates, and the cleavage of the specific plasmin substrate was quantified with a microplate reader set at a wavelength of 405 nm.
ACA binding-inhibition assay. Low-passage virulent L. interrogans serovar Copenhageni strain Fiocruz L1-130 leptospires (1.0 ϫ 10 9 leptospires/sample) were treated with PLG and uPA, as described above, except for the addition of increasing concentrations of 6-aminocaproic acid (ACA; Sigma) ranging from 0 to 1,000 mM, added together with the PLG. The PLG quantity was set at 5 g and that of uPA was set at 3 U. Aliquots treated with only PLG, uPA, or ACA and those treated with just lsPBS were used as controls. The enzymatic plasmin activity was measured as described before.
Isolation of leptospiral OMPs and cytoplasmatic fractions by TX-114 partitioning. Leptospires cultured as outlined before were washed in PBS-5 mM MgCl 2 and then extracted in the presence of 2% Triton X-114 (TX-114; SigmaAldrich), 150 mM NaCl, 10 mM Tris-HCl (pH 7.4), and 1 mM phenylmethylsulfonyl fluoride on ice for 4 h (24). The insoluble material was removed by centrifugation at 17,000 ϫ g for 10 min at 4°C. After centrifugation, the TX-114 soluble fraction was stored at Ϫ20°C overnight and then thawed on ice. Phase separation was performed by warming the supernatant at 37°C and subjecting it to centrifugation for 10 min at 1,000 ϫ g. Three distinct fractions became apparent: the aqueous phase (AP), the TX-114 phase (detergent phase [DP]), and the insoluble pellet. The DP was washed with 0.06% TX-114, 150 mM NaCl, and 10 mM Tris-HCl (pH 7.4) by incubation for 10 min on ice followed by 37°C incubation and centrifugation. The washing step was performed one more time, and after incubation for 10 min on ice, the solution was centrifuged at 17,000 ϫ g, and the upper phase (TX-114) was incubated at 37°C for 10 min. After centrifugation, the DP was precipitated with acetone. All protein fractions were subjected to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for analysis of the extraction.
PLG binding to extracted proteins. The binding of the proteins contained in the AP and DP or whole-cell lysate to PLG was evaluated by a modified enzyme-linked immunosorbent assay (ELISA), as follows. Ninety-six-well plates (Costar high binding; Corning) were coated overnight in PBS at 4°C with 0.15 g/well of proteins or bovine serum albumin (BSA), as a negative control. Plates were washed once with PBS supplemented with 0.05% (vol/vol) Tween 20 (PBS-T) and blocked for 2 h at 37°C with PBS with 10% (mass/vol) nonfat dry milk. The blocking solution was discarded, and 100 l of 10 g/ml of PLG in PBS was incubated for 2 h at 37°C. Wells were washed four times with PBS-T and incubated for 1 h at 37°C with mouse anti-human PLG (Sigma-Aldrich) (1:4,000 in PBS). Plates were washed again and incubated with horseradish peroxidase-conjugated anti-mouse immunoglobulin G (IgG), diluted 1:5,000 in PBS. After three washings, 1 mg/ml o-phenylenediamine (OPD) plus 1 l/ml H 2 O 2 in citrate phosphate buffer (pH 5.0) was added at 100 l/well. The reactions were carried out for 5 min and stopped by addition of 50 l/well of 2 N H 2 SO 4 . Readings were taken at 492 nm.
Growth monitoring of plasmin-coated leptospires in culture. Virulent L. interrogans serovar Copenhageni strain Fiocruz L1-130 (1.0 ϫ 10 9 bacteria/sample) were treated with the PAS as described above; after the treatment, the bacteria were centrifuged and the cell pellets were resuspended in 4 ml of fresh EMJH medium supplemented with 10% Leptospira enrichment EMJH medium. The bacterial cultures were incubated under aerobic conditions at 28°C. The growth was monitored by optical density measurements at 600 nm (OD 600 ), where an OD 600 of 0.2 corresponds to ϳ9.6 ϫ 10 8 leptospires), at the 2nd, 6th, 10th, and 14th days. All of the solutions used were filter sterilized prior to use.
L-IFA. For the liquid-phase immunofluorescence assay (L-IFA), live bacterial suspensions (2.5 ϫ 10 9 ) were harvested at 12,800 ϫ g for 15 min, washed twice with lsPBS, resuspended in 200 l lsPBS containing 8 g of human PLG, and incubated for 45 min at 37°C. After the incubation, 6 g/ml of propidium iodide (Sigma) was added to stain the nuclei, and the suspensions were incubated for another 45 min at 37°C. After this time, the leptospires were gently washed three times with lsPBS and incubated for 45 min at 37°C with mouse-produced antiserum against human PLG at a 1:50 dilution. The leptospires were washed three times and incubated with goat anti-mouse IgG antibodies conjugated to fluorescein isothiocyanate (FITC; Sigma) at a dilution of 1:50 for 45 min at 37°C. After this incubation, the leptospires were washed twice and resuspended in lsPBSantifading solution (ProLong Gold; Molecular Probes). The immunofluorescence-labeled leptospires were examined by use of a confocal LSM 510 META immunofluorescence microscope (Zeiss, Germany). As a control for cell integrity, we used antibodies against recombinant Leptospira protein LipL32 or GroEL, following all of the previously mentioned procedures for PLG.
SDS-PAGE and affinity blotting. Total leptospiral protein extracts for SDS-PAGE were prepared from 10 ml of ϳ10 9 bacteria in EMJH serum-free cultures. The cells were harvested by centrifugation, washed three times with 5 mM MgCl 2 in lsPBS, and resuspended in 100 l PBS. The proteins were loaded for 10% SDS-PAGE and transferred to nitrocellulose membranes (Hybond-ECL; GE Healthcare) in semidry equipment. The membranes were blocked for 2 h at 37°C with 5% BSA, washed three times (10 min for each wash) with PBS-T solution, and incubated overnight with 3 g/ml PLG or 3 g/ml PLG plus 100 mM ACA at 4°C, followed by a 2-h incubation at room temperature. Then, the membranes were washed three times and incubated with mouse anti-human PLG (1:750) for 3 h at room temperature, followed by more three washings and 1 h of incubation at room temperature with anti-mouse IgG (1:5,000). The membranes were washed, and the protein's reactivity was revealed by the ECL enhanced chemiluminescence reagent (GE Healthcare) with subsequent exposition to X-ray films.
Assay for the degradation of fibronectin. Ninety-six-well plates were coated overnight at 37°C with 0.5 g/well of cellular fibronectin (Sigma), washed four times at 200 l per wash with PBS-T, and blocked with 2% BSA in PBS-T for 2 h at 37°C, followed by two washings. The spirochetes (1.0 ϫ 10 8 leptospires per sample) were treated as described above with 10 g PLG and 3 U uPA or lsPBS (untreated). Bacteria were washed, resuspended in 100 l lsPBS, and transferred VOL. 77, 2009 PLASMINOGEN ACQUISITION AND ACTIVATION BY LEPTOSPIRA 4093 to the plateЈs previously coated wells. The plates were centrifuged at 180 ϫ g for 15 min to ensure the contact of the leptospires with the immobilized ECM component. The plates were incubated at 37°C for 20 h and washed five times to remove the bacteria. The degradation of fibronectin was detected by reduction in absorbance followed by incubation with anti-fibronectin IgG antibodies (1:5,000 dilution in 100 l PBS-T for 45 min at 37°C), anti-IgG peroxidase-conjugated antibodies (1:5,000 dilution in 100 l PBS-T for 45 min at 37°C) and 100 l/well of 1 mg/ml OPD plus 1 l/ml H 2 O 2 . The reaction was stopped with 50 l/well 4 N H 2 SO 4 , and the absorbance was measured at 492 nm. Percentage degradation was calculated by the formula (A Ϫ B)/A(100), where A is the mean PBS sample absorbance (positive control group for fibronectin reactivity) and B is the mean experimental group absorbance (untreated or plasmin).
Statistics.
For the data that were tested for statistical significance, Student's two-tailed test was applied, considering the minimum significance at P Ͻ 0.05.
RESULTS
Binding of human PLG by L. interrogans cells. The ability of live L. interrogans serovar Copenhageni strain Fiocruz L1-130 cells to bind human PLG was examined via L-IFA. Leptospires were visualized by propidium iodide staining (Fig. 1A) (PLG1, PLG2, PLG3, LipL32, GroEL, and PBS) followed by protein detection with polyclonal mouse antiserum against each protein in the presence of anti-mouse IgG antibodies conjugated to FITC. In Fig. 1B , green fluorescence could be observed for PLG (PLG1, PLG2, and PLG3) and LipL32, an outer membrane protein used as a surface-positive control (56), but not with GroEL, a protoplasmic cylinder marker used as a negative control (26) . The localization of the protein green light within the leptospires was achieved by superimposing both fields, and the results obtained are shown in Fig. 1C for PLG1, PLG2 , PLG3, LipL32, GroEL, and PBS.
Activation and enzymatic activity of PLG-bound Leptospira. To analyze the Leptospira PLG binding and quantify the enzymatic activity after conversion to plasmin, we assayed the treated leptospires with a specific plasmin chromogenic substrate. As shown in Fig. 2 , both the virulent and the nonvirulent strains of L. interrogans serovar Copenhageni tested were capable of capturing PLG and the bound PLG was converted to enzymatically active plasmin only by the addition of the exogenous activator uPA. The binding and consequently the plasmin enzymatic activity occurred in a dose-dependent manner with the PLG concentration range studied (Fig. 2) . In addition to the purified PLG, low-passage virulent leptospires were also capable of binding PLG in 30% human plasma (ϳ6 g/ml of PLG). No proteolytic activity was detected with either intact Leptospira (Fig. 2) or cell lysate (not shown) or when the bacteria were treated with PLG or uPA alone.
Analysis of L. interrogans culture growth after PLG labeling. To analyze if the PLG binding to the surface of L. interrogans serovar Copenhageni strain Fiocruz L1-130 and its conversion to enzymatically active plasmin could cause any impairment in the growth of the leptospire culture, the bacteria were treated with PLG; activated by the addition of uPA; reinoculated into a fresh, serum-free EMJH medium; and monitored for the growth rate for 14 days. Cell division was not inhibited in plasmin-coated leptospires since bacterial growth was similar to that of untreated (PBS) or PLG-or PLG-uPA-treated Leptospira cells (data not shown).
Inhibition of proteolytic activity acquired by L. interrogans by ACA. It is known that PLG kringle domains frequently mediate interactions with lysine residues of the cellular receptors (37) . To evaluate the participation of these domains in the binding of PLG with L. interrogans serovar Copenhageni strain L1-130, a binding assay was carried out in the presence of ACA, a derivative and analogue of lysine amino acid. As shown in Fig. 3 , ACA reduced the proteolytic activity of virulent L. interrogans serovar Copenhageni cells incubated with PLG in a dose-dependent manner, statistically significant from 1 mM ACA to almost total inhibition at 1,000 mM ACA, as a consequence of decreased PLG binding.
Involvement of leptospiral OMPs on PLG binding. OMPs that are surface exposed are expected to be relevant in pathogenesis. We thus examined the binding of proteins after treatment/ extraction of leptospires with the nonionic detergent TX-114, as previously described (24) . Experiments were performed with the virulent low-passage L. interrogans serovar Copenhageni strain Fiocruz L1-130. The binding assay was performed with proteins from the soluble AP and DP and with whole-cell lysate. PLG acquisition, as evaluated by a modified ELISA, shows that OMPs partitioned in the DP contribute to PLG binding (Fig. 4) , but a higher number of proteins contained in the soluble AP appear to be involved in the PLG acquisition by Leptospira (Fig. 4) .
Effect of environmental factors on plasmin generation by Leptospira. Because some virulence factors are induced by salt and temperature (43, 49, 55) , we decided to examine whether osmolarity and temperature could influence PLG binding and activation by leptospires. Assays were performed with the virulent low-passage L. interrogans serovar Copenhageni strain Fiocruz L1-130. The transition of temperatures from ambient to mammalian body (37 and later 39°C) has been correlated with changes in the expression of virulence determinants in many pathogens (53) . Therefore, we compared plasmin generation in leptospires of cultures grown at 28°C, 37°C, and 39°C, reflecting growth under laboratory conditions and in the mammalian host under normal and febrile temperatures, respectively. Plasmin generation by Leptospira showed no difference under the temperatures tested (Fig. 5A) . PLG binding/ activation by osmolarity was assessed by addition of 120 mM NaCl to the EMJH medium supplemented with 10% Leptospira enrichment EMJH medium and incubation at 28°C. The addition of 120 mM NaCl to the medium mimics physiological conditions (ϳ300 mosmol/liter) encountered by leptospires upon entry into the host (49). Cultures were incubated for 24 h and examined for PLG binding. As shown in Fig. 5B , PLG binding/activation is not affected by osmolarity because similar plasmin generation was detected upon incubation in normal growth medium and with additional NaCl.
Analysis of PLG binding to proteins of L. interrogans. The binding of leptospiral protein receptors to PLG was visualized by affinity blotting using low-passage virulent and high-passage nonvirulent bacterial protein extracts. Blotted membranes were probed with PLG followed by immune detection. Similar results were obtained from three independent experiments, and one representative affinity blotting is depicted in Fig. 6A . It is possible to observe at least 10 leptospiral proteins bind to PLG under the conditions employed with both the virulent and nonvirulent strains. The three arrows point out the existence of three distinct reactive protein regions between the protein extracts of the virulent and the nonvirulent attenuated L. interrogans strains. The protein reactive bands were almost to- enzyme plasmin have been correlated with the invasive potential of certain bacteria (77) . In order to determine whether plasmincoated leptospires were able to degrade the ECM component fibronectin, as previously demonstrated with B. burgdorferi (15) , purified soluble human fibronectin was adhered onto 96-well plates. Degradation was evaluated by exposing the ECM proteins to low-passage virulent L. interrogans cells pretreated with PLG and/or uPA. The substrate breakdown was measured with polyclonal antibodies. Degradation of fibronectin was calculated by decreased absorbance compared to that of the positive control without bacteria. As shown in Fig. 8 , the plasmin-coated leptospires were able to significantly break down the immobilized fibronectin compared to the untreated bacteria.
DISCUSSION
Several invasive gram-positive and gram-negative bacteria have shown the ability to interact with the host PLG system (6, 13, 19, 37, 73) , a phenomenon that has been extended to viruses (22, 38, 60) and parasites (68) genesis and infection that the PAS has a critical function for invasiveness and establishment of the infection for several microorganisms such as Streptococcus spp., Leishmania mexicana, and Staphylococcus aureus (23, 41, 46, 47, 69, 74) . In the case of spirochetes, the PAS was studied with several species of Borrelia and with Treponema denticola and was suggested to have an important role during infectiveness (14, 16, 21, 35, 58) . L. interrogans serovar Copenhageni is capable of binding PLG in its outer surface as visualized by indirect immunofluorescence with living leptospires. The bound PLG is activated to plasmin by addition of human activator uPA, promoting a surface-associated plasmin activity within the bacteria. Plasmin bound to the surface of L. interrogans is enzymatically active, as measured by the degradation of chromogenic specific plasmin substrate. Small amounts of PLG were required for the detection of statistically significant plasmin activity compared to that of the controls. The fluorescence observed from the binding of leptospires with PLG suggests that the bacteria have receptors along their surfaces. This is comparable to, although less intense than, the binding pattern observed with LipL32, but it is in contrast with our previous data with two proteins, MPL17 and MPL21 (61) , that presented a dot pattern of fluorescence. The leptospiral membrane probably remains intact as treatment with mouse antibody to GroEL, the protoplasmic-cylinder heat shock protein, and goat anti-mouse FITC-conjugated antibody did not exhibit any fluorescence within the bacteria. In addition, we have observed that the bacterial cells preserved the ordinary rotational movement after the treatment. As reported for the spirochetes Borrelia and Treponema (37) , Leptospira, either as whole cells or lysate, is dependent on the host Spirochetes were incubated in lsPBS with no additions (UT) and with addition of PLG and uPA (plasmin). ELISA plate wells coated with fibronectin (three replicates) were incubated for 20 h with the spirochetes from each experimental group. Undegraded substrate was detected, and percent degradation (with a reduction in absorbance value interpreted as substrate degradation) was calculated as described in Materials and Methods. Bars represent the mean percent substrate degradation relative to the positive control (0% degradation) Ϯ the standard deviation of three replicates. The experiment was independently performed three times, and significance was assessed by StudentЈs two-tailed t test. ‫,ء‬ P Ͻ 0.005. PLG activation system because the labeling with PLG alone did not generate proteolytic activity, in contrast to some pathogens that present a PLG endogenous activation system (40-42, 52, 59, 70, 71, 79) .
PLG is present in plasma at a concentration of ϳ20.8 Ϯ 1.9 mg/100 ml (17) . Our data show that virulent L. interrogans, but not the attenuated strain, has the ability to bind PLG from human plasma (ϳ6 g of PLG contained in 30% of human plasma) under the conditions assayed. The plasmin activity measured is lower than that with a similar concentration of added purified PLG (5 g), probably due to the presence of a complex mixture of proteins in human fluid that could compete for the binding reaction. In any event, once in the host, the leptospires can acquire PLG when they reach the blood circulation. Despite the proteolytic activity associated with the outer surface conferred by bound PLG activated to plasmin, L. interrogans was probably not damaged because cellular growth was not impaired.
The process for binding to bacterial receptors on the cell surface has been shown for several pathogens to be mediated by the PLG kringle domains through the contained lysinebinding sites (2, 10, 16, 32, 33, 46, 63, 68, 77, 78) . Likewise, Leptospira probably interacts with PLG through the lysine residues because the binding and generation of active plasmin on the bacterial surface were inhibited by the presence of the lysine analogue ACA in the reaction. The inhibition was dose dependent on the ACA concentration,with the plasmin activity almost totally abolished by the addition of 100 mM ACA.
The involvement of OMPs in the acquisition of PLG by Leptospira, as expected, is clearly shown in the experiments with DP partitioning proteins. Surprisingly, our data shows that the contribution of aqueous soluble proteins in the binding process is higher than with proteins in the detergent fraction (OMPs). It has been shown that the major leptospiral antigens LipL32 and LipL48 are digested, probably by an endogenous protease, during TX-114 solubilization (18) . Moreover, some subsurface proteins, such as penicillin-binding proteins, did not solubilize in the TX-114 phase (27) . These events may account for the differences observed with proteins from the DP and AP. In any event, our data suggest that there are several proteins that may act as a PLG receptor in Leptospira (Vieira et al., unpublished data). It has been demonstrated that GAPDH (glyceraldehyde-3-phosphate dehydrogenase) is a major surface protein on group A streptococci with multiple binding activities, including plasmin receptor (8, 44, 45, 62) . GAPDH or members of the GAPDH-related family are conserved among several bacteria, including spirochetes, and it has been suggested that borrelial GAPDH homolog may contribute to plasmin(ogen) acquisition (1). In Leptospira, there is one gene coding for GAPDH that is predicted to be located at the cytoplasm of the bacteria, according to the PSORT program (54) . Thus, GAPDH may be one of the proteins involved in PLG acquisition observed with AP proteins.
Regulation of virulence by environmental cues, such as temperature and osmolarity, has been reported in a variety of pathogens (53) . In Leptospira, several genes that are differentially expressed under different temperature conditions were identified by whole-genome microarrays (43) . Moreover, 6% of the leptospiral genes were susceptible to osmoregulation (49) . Intriguingly, plasmin generation was not affected when Leptospira cultivated at 28°C was shifted to temperatures found in the mammalian host under normal and febrile conditions. Likewise, the shift to physiologic osmolarity had no influence on PLG binding and plasmin generation by leptospires. Thus, virulence factors identified in Leptospira, such as LigA/LigB (50, 51) and Lsa21 (3), and known to be upregulated by temperature and osmolarity are probably not involved in PLG acquisition by leptospires.
The phenomenon of binding to PLG was observed with pathogenic high-passage nonvirulent strains from different species of the genus Leptospira and was also extended to the nonpathogenic saprophytic organism L. biflexa. However, as observed with the spirochete B. burgdorferi (12) , the infectious low-passage L. interrogans serovar Copenhageni strain Fiocruz L1-130 was more efficient in capturing PLG (P Ͻ 0.001) on its surface than the noninfectious high-passage L. interrogans serovar Copenhageni strain M 20, a result that suggests an alteration of PLG protein receptors during the attenuation process.
The affinity blotting experiments using leptospire whole-cell lysates corroborate with these data, although the conditions assayed do not simulate the ones from the PLG binding with the intact bacteria. Comparable to the spirochete B. burgdorferi (16) , the affinity blotting was inhibited by the presence of the lysine analog ACA. It is noteworthy that with the whole-cell lysates of the virulent strain, a cluster of proteins are involved in the PLG binding different from the profile of the attenuated strain. Whether the binding observed with the virulent strain of Leptospira is due to the expression of diverse protein receptors, a higher number of the same receptors, or both, deserves to be further studied.
L. interrogans is a highly invasive pathogen. The bacteria are thought to penetrate the skin or a break in the skin to initiate infection and then rapidly disseminate via the bloodstream to cause multisystem infection, targeting the liver and kidney (5, 20) . ECM-binding proteins such LenA (72) , formerly LfhA/ Lsa24 (4, 75), LigA/LigB (11), and LipL32 (29, 30) have been identified, but thus far, ECM degradation by leptospires has not been described. The spirochete B. burgdorferi was demonstrated to be capable of degrading ECM macromolecules when bound to plasmin (15) , and this activity has been suggested to contribute to bacterial invasion (12, 15, 16) . Plasmin-coated leptospires were also capable of employing this proteolytic activity to in vitro degrade the immobilized ECM component fibronectin.
Although more studies are required to identify leptospiral protein receptors involved in plasmin activation as well as to fully investigate the degradation of ECM components, our data show for the first time that Leptospira can borrow the PAS from the host and that this activity might be employed for the invasion process. We trust that the description of this new feature of Leptospira presented in this study would help to identify proteins of importance in pathogenesis and hence potential antigens for the development of an efficient vaccine against leptospirosis. 
